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Introduction {#sec001}
============

Our perception of the outer world is usually stable: objects and persons do not change abruptly from one moment to another. Yet, when we look at a bistable figure, such as the Necker cube ([Fig 1](#pone.0227506.g001){ref-type="fig"}), our perception changes after a while and we perceive the figure differently despite the unchanged sensory input. The Necker cube can be perceived in two different ways and the two interpretations of the picture alternate, each one dominating our consciousness for a few seconds before giving way to the other percept \[[@pone.0227506.ref001]\]. Perceptual bistability has become a widely used experimental tool to study the mechanisms associated to consciousness, and especially the dynamics of mental and neural activity linked to conscious perception \[[@pone.0227506.ref002],[@pone.0227506.ref003]\]. One limit is that alternations rely on the subjects' explicit reports, which include decision criteria and self-monitoring, and can bias results \[[@pone.0227506.ref004]--[@pone.0227506.ref006]\]. This becomes critical when exploring alternations in clinical populations \[[@pone.0227506.ref007]\], especially as in those populations, experimenters often privilege short-duration evaluations, due to the fatigability of the patients \[[@pone.0227506.ref008],[@pone.0227506.ref009]\]. It has recently been suggested that it may be possible to measure alternations by means of eye movements and fMRI, which were found to be strongly coupled to explicit reports \[[@pone.0227506.ref010],[@pone.0227506.ref011]\]. However, these studies relied on moving plaids or gratings and the recording of optokinetic nystagmus. Hence, it can be questioned whether ocular movements are entrained by the motion specifically. As a matter of fact, the tight coupling between perception and eye movements has been recently questioned \[[@pone.0227506.ref012]\], and dissociations between eye movements and conscious reports have been described even with moving stimuli \[[@pone.0227506.ref013]\]. Interestingly, dissociations have been reported mainly when the task requires continuous evaluation of the stimuli rather than alternative force-choice tasks \[[@pone.0227506.ref012]\]. Here we use the bistable and static Necker cube to study the temporal characteristics of alternations over a short, continuous period. We check to which extent changes in ocular fixations define temporal windows that are similar, or not, to the subjective alternations reported by the subjects.

![The Necker cube, an example of ambiguous figure (left), and its two non-ambiguous versions (middle, right).](pone.0227506.g001){#pone.0227506.g001}

Why measure time windows? {#sec002}
-------------------------

The definition of time windows is a critical issue to understand how conscious perception is structured in time. Despite the fact that time seems to flow continuously, we have a sense of present moment, corresponding to our subjective experience of being here and now. It has been proposed that the present moment, or 'subjective present', corresponds to the time required to accomplish a mental act in perception, cognition or action \[[@pone.0227506.ref014]--[@pone.0227506.ref016]\]. The 'subjective present' has no fixed period, but its duration would be between a few hundreds of milliseconds and a few seconds. The Necker cube has been proposed as an operationalization of the concept of the 'subjective present', each percept corresponding to a moment. As a matter of fact, the mean duration of each percept range between 2.0 and 3.2 seconds \[[@pone.0227506.ref017],[@pone.0227506.ref018]\]. It has been used in the context of bipolar disorder to evaluate the possibility that there is either a slowing down or an acceleration of thought, depending on the state of the patients \[[@pone.0227506.ref008],[@pone.0227506.ref009],[@pone.0227506.ref019]\]. The dynamics of perceptual alternations during viewing of the Necker cube have also a neurobiological counterpart, since they have been found to be correlated with endogenous brain dynamics \[[@pone.0227506.ref003]\]. However, whether or not perceptual alternations actually reflect a rhythmicity of our perception has been questioned \[[@pone.0227506.ref020]\]. Moreover there is more to the temporal structure of consciousness than only the sense of subjective present. Pöppel has proposed that temporal windows of different lengths are embedded in one another, leading to a hierarchical organization of mechanisms characterized by different rhythmicities \[[@pone.0227506.ref014]\]. When we perceive and interact with our environment, essentially we integrate information at different time scales into a coherent whole, and measuring time windows solely with subjective reports might be misleading. It may thus be useful to collect additional responses to subjective reports.

Why track eye movements? {#sec003}
------------------------

Experiments studying spontaneous perceptual reversals of bistable figures are often conducted with the figure remaining on the screen for a certain period of time (for the sake of simplicity from now on we will take the example of the Necker cube) (but see e.g. \[[@pone.0227506.ref001]\] for a two-alternative forced choice procedure). The participant is instructed to look continuously at the figure and to press a response button each time his/her perception of the Necker cube changes. Hence these measures reflect the viewer's subjective perception, as approximated by his/her explicit manual responses. We call this response explicit, because subjects are explicitly instructed to give a manual response each time they detect a perceptual change. This means that after a perceptual reversal has taken place, the viewer has to make a conscious decision of pressing a button. This subjective response, like any manual response to a subjective phenomenon, includes a response bias that is entirely dependent on the viewer. A growing body of research has shown that the rate of perceptual reversals and reversal times of ambiguous figures are associated to important interindividual differences in healthy individuals \[[@pone.0227506.ref021]--[@pone.0227506.ref024]\]. This variability might index either the individual temporal characteristics of the perceptual alternation itself, or the individual biases related to the need to give an explicit, subjective response. Here we develop an additional, more implicit measure by means of ocular movements. We call this measure implicit because the instructions do not require the subjects to make any specific eye movements during the task. The subjects are only asked to give their manual responses as reliably as possible while looking passively at the figure. In the present work, the main aim is to have an additional measure of time windows to test whether all measures lead to the same result or not.

Eye tracking and perceptual bistability in the literature {#sec004}
---------------------------------------------------------

Some studies combining eye tracking measurements and perceptual bistability have been conducted with static stimuli, but these focused on short periods around the moment of perceptual reversals in order to determine whether ocular movements cause perceptual reversals or vice versa \[[@pone.0227506.ref025]--[@pone.0227506.ref027]\]. It has been shown that during perceptual reversals the position of fixations are different for the two percepts \[[@pone.0227506.ref026]\] and fixation coordinates have extreme values at the moment of the reversals \[[@pone.0227506.ref028]\]. A few other studies have also queried whether it is possible to entrain perceptual reversals via controlled ocular oscillations \[[@pone.0227506.ref029]\]. To the best of our knowledge, however, research has been mainly conducted on the periods around the perceptual alternations, and it has not been checked whether for static stimuli ocular movements can be used to measure a spontaneous oscillation akin to the manual windows. Hancock et al. (2012) \[[@pone.0227506.ref030]\] used binocular rivalry, which also leads to perceptual alternations, this time between the information conveyed by one or both eyes. Hancock et al. (2012) found a positive correlation between the rate of perceptual reversals and the rate of saccadic eye movements, pointing toward shared underlying mechanisms. The absolute rate of the two measures differed, however, since saccadic eye movements occurred more frequently than perceptual reversals. It is possible that successive saccades relate to the same subjective perception, but this possibility cannot be checked in the results of Hancock et al. (2012). By using a relatively large picture of the Necker cube and a clustering method to classify saccades, we aimed to measure the frequency of ocular-related time windows relative to the frequency of manual-related time windows. Our approach is directly inspired by the temporal windows model \[[@pone.0227506.ref014]\]. We noticed an oscillatory pattern in the positions of eye movements between the left and right part of the figure ([Fig 2](#pone.0227506.g002){ref-type="fig"}), and we defined temporal windows based on the dynamics of ocular fixations during viewing of the Necker cube. These calculations define 'ocular temporal windows' which are compared to temporal windows based on manual responses. First we checked the validity of the ocular temporal windows in a control condition, during which the physical stimulus presented to the viewer oscillated between two non-ambiguous versions of the Necker cube ([Fig 1](#pone.0227506.g001){ref-type="fig"}). In addition, we checked whether ocular and manual time windows have the same duration and vary in the same way in different experimental conditions. After a first condition where subjects were asked to report spontaneous reversals (spontaneous condition), two conditions were used to test the impact of attentional control. In one condition subjects were asked to focus on the same preferred percept as long as possible (focus condition), whereas in the other they were asked to switch as fast as possible between the two percepts (switch condition). It has already been shown in the literature that these instructions yield significant changes in manual windows \[[@pone.0227506.ref025],[@pone.0227506.ref031],[@pone.0227506.ref032]\]. If ocular and manual measures index the same phenomena, then they should be similarly sensitive to attention manipulations, whereas if they reveal different types of windows, they should be affected differently by attention manipulations.

![Illustration of the oscillatory pattern of ocular fixations during viewing of the Necker cube.\
The graph represents the x coordinates of ocular fixations as a function of time for one individual participant during the spontaneous condition. The horizontal strips correspond to ocular fixations. The length of each strip is proportional to the corresponding fixation's duration. The closer the value of an x coordinate is to zero, the closer the fixation is to the left side of the screen. The blue shaded part (above) corresponds to the right cluster, whereas the red one corresponds to the left cluster. The blue and red lines correspond respectively to the median of the x coordinates of the right and left clusters. The difference between these medians represents the distance between the clusters (the black arrow on the right part of the graph).](pone.0227506.g002){#pone.0227506.g002}

Materials and methods {#sec005}
=====================

Participants {#sec006}
------------

Twelve subjects (mean age ± SD: 30.8±7.6; 9 females and 3 males) with normal or corrected-to-normal vision participated in the experiment. The project was approved by the local ethics committee (People Protection Committee \"Est-IV\"). All subjects gave their informed written consent in accordance with the declaration of Helsinki.

Exclusion criteria included a history of substance abuse, and a history of neurological or psychiatric disorders.

One subject had to be excluded from the analysis of the ocular clusters' spatial coordinates due to technical problems during data acquisition in the control condition. Data presented in the corresponding section are thus averaged over 11 subjects. The rest of the results remained identical whether or not this subject's data were taken into account in the analyses.

Equipment and stimuli {#sec007}
---------------------

The experiment was conducted in a quiet room with reduced illumination. Stimuli were generated by a Hewlett-Packard Compaq 8100 Elite 2 computer using programs written on MATLAB software (2007) by MathWorks and PsychToolbox \[[@pone.0227506.ref033]\]. The visual stimuli were generated on a 21\" Sony Triton CRT screen.

During each experimental trial the Necker cube was presented on the screen for 60 seconds. Each side had a length of 12° of visual angle, consisting of black lines (0.008 cd/m^2^ and 0.18° thick) on a white background (41.5 cd/m^2^).

Eye tracking {#sec008}
------------

Right eye movements were measured continuously throughout the experiment using an infrared video-based eye tracking system (EyeLink CL 1000, SR Research) with a sampling frequency of 1000 Hz, and a spatial resolution of 1024 x 768 pixels. Before each experimental condition, the eye tracker was calibrated by asking participants to repeatedly fixate a 9-point grid. Participants' heads were stabilized using a chin-rest at a distance of 70 cm from the computer screen in order to minimize head movements and errors of measurement.

We registered and analyzed the number of ocular fixations and the mean duration of each fixation. Fixations were defined by stable eye position coordinates for at least 90 ms, and they were excluded if their mean duration was longer than 1000 ms. This eye tracking data processing was carried out using programs written on MATLAB software and Statistica 13.0 software.

Experimental task and procedure {#sec009}
-------------------------------

The experiment consisted of four conditions: spontaneous, focus, switch, and control conditions. In the first, spontaneous condition participants were instructed to manually report the perceptual reversals of the cube that occurred spontaneously, by pressing one of two buttons on a keyboard, each corresponding to a perceived orientation of the cube (left response button for the downward left-facing orientation, right response button for the upward right-facing orientation).

In the focus condition participants were asked to focus on and mentally hold their preferred orientation of the cube and go back to this orientation as quickly as possible in case of reversal. In the *switch* condition participants were instructed to switch as quickly as possible between the two orientations. Just as in the spontaneous condition, participants had to report the perceptual reversals of the cube with button presses. The order of the focus and switch conditions was randomized between subjects, but the experiment was designed so that the spontaneous condition always came first, thus minimizing the effect of voluntary control on perceptual reversals in this condition.

A final control condition was designed to make sure that the subjects were able to detect and reliably report the perceptual reversals. To that aim two modified, non-ambiguous versions of the Necker cube ([Fig 1](#pone.0227506.g001){ref-type="fig"}) were presented alternately at the same location, each figure presented for a duration of 3 seconds. Participants were asked to press a response button each time they perceived an alternation and to choose the key corresponding to the current orientation. The response time recorded in this condition was used to estimate time between the perceptual reversals and the subject's reaction. The key press is necessarily delayed relative to the occurrence of the perceptual reversal, and the reaction time in the control condition was used in the other three conditions, in which there was no physical reversal, to evaluate the time of occurrence of the perceptual reversals.

Behavioral and eye tracking data processing and analysis {#sec010}
--------------------------------------------------------

For each subject the preferred and non-preferred percepts of the cube were identified based on the median duration of the reversal times, i.e. intervals of transiently stable percepts based on the subjects' manual responses. It has been shown elsewhere \[[@pone.0227506.ref007],[@pone.0227506.ref027]\] that everyone has a preferred percept of the Necker cube, that is one orientation (bottom-left or top-right) is perceived for longer periods than the other, despite the continuous alternation of the two. We extracted the total number of perceptual reversals and the median duration of the reversal times (referred to hereafter as "manual windows"). Preferred and non-preferred percepts were respectively defined by the orientation corresponding to the longer and shorter manual windows.

In parallel we identified ocular fixations, and we quantified them for each subject. Fixations were analyzed using a cluster analysis. The graphic representation of the changes in x and y fixation coordinates over time indeed suggested an oscillation between two positions ([Fig 2](#pone.0227506.g002){ref-type="fig"}). Y coordinates appeared to be redundant with x coordinates, hence we focused on ocular displacements on the horizontal axis. It is to be noted that an analysis performed on y coordinates led to similar but less clear results, probably because the two perceptual interpretations of the Necker cube differ more in their horizontal orientation (see similar observations in \[[@pone.0227506.ref026]\]). Considering the two alternating mental representations of the Necker cube we decided to separate the fixations into two groups, so called "ocular clusters", based on their spatial coordinates. To this aim we used the Expectation-Maximization (EM) algorithm \[[@pone.0227506.ref034]\] which permits to find for any data the maximum likelihood of belonging to a previously specified number of clusters. Each fixation was classified into one of two clusters (left or right) and each cluster was composed of one or several successive fixations. "Ocular windows" were defined as temporal windows corresponding to the summed duration of ocular fixations inside each cluster. We extracted the total number and the median duration of ocular windows.

In order to confirm the validity of our cluster analysis, we compared ocular windows in the control and in the three main conditions. To this aim, we analyzed the spatial coordinates of fixation clusters in all four conditions (spontaneous, focus, switch, and control). In the control condition we separated the fixation clusters corresponding to the two non-ambiguous versions of the Necker cube. We calculated the median of the x coordinates of fixation clusters corresponding to each non-ambiguous version of the cube. In the other three conditions, we calculated the median x coordinates of the left and right fixation clusters, and the spatial distance between the left and right fixation clusters (median x coordinate for the right cluster--median x coordinate for the left cluster, see [Fig 2](#pone.0227506.g002){ref-type="fig"}). The aim was to check whether the x coordinates of the left and right clusters corresponded to the coordinates observed in the control condition.

Statistical analysis {#sec011}
--------------------

Data analyses consisted of repeated measures ANOVA and were performed using Statistica 13.0 software by Statsoft©. We added the partial eta-squared (η^2^) as a measure of effect size. Tukey HSD post hoc analyses were used to localize the differences. Correlations were conducted by computing Pearson's correlation coefficients. The significance level throughout the analyses was set at α = 0.05.

We checked the effect of order between the *focus* and *switch* conditions in separate analyses, and found no significant effect. The results presented hereafter are thus averaged over the order between the *focus* and *switch* conditions.

Results {#sec012}
=======

Spatial coordinates of ocular clusters {#sec013}
--------------------------------------

In the first analysis we distinguished the fixation clusters based on their left/right location on the screen with the aim to see if a correspondence in the x axis coordinates of ocular clusters could be found between the control condition and the other three main conditions. We conducted a repeated-measure ANOVA on the coordinates of the ocular clusters with the abscissa of the clusters (left or right) and condition (spontaneous, focus, switch and control) as within-group variables. Left and right clusters had statistically different x coordinates \[F(1, 10) = 112.63, p\<0.001, partial η^2^ = 0.92\] (with x(left) = 612 vs x(right) = 684 in pixels). We found an interaction between cluster location and condition \[F(3, 30) = 3.84, p\<0.05, partial η^2^ = 0.23\]. Decomposing the interaction using HSD Tukey's post hoc analysis showed that the coordinates of left and right clusters were separated by a significant distance in all four conditions. Coordinate values are detailed in [Table 1](#pone.0227506.t001){ref-type="table"}.

10.1371/journal.pone.0227506.t001

###### Coordinates of left and right fixation clusters in the four experimental conditions.

![](pone.0227506.t001){#pone.0227506.t001g}

  Condition     Left coordinate   Right coordinate   p-value       Right--Left coordinates
  ------------- ----------------- ------------------ ------------- -------------------------
  Spontaneous   610               660                **\<0.05**    50
  Focus         643               703                **\<0.005**   60
  Switch        599               707                **\<0.001**   108
  Control       596               665                **\<0.001**   69

The first two columns in the table show the left and right x coordinates of the fixation clusters in pixels (x = 0 pix corresponds to the left border of the screen), and the third column the p value corresponding to the comparison of the left and right coordinates for each condition. The column on the right shows values of the distances between left and right fixation clusters in the four conditions.

To understand the origin of the interaction, we calculated the distance between the right and left clusters in each condition (median x coordinates for the right cluster--median x coordinates for the left cluster) ([Table 1](#pone.0227506.t001){ref-type="table"}, also illustrated in [Fig 2](#pone.0227506.g002){ref-type="fig"}). This analysis revealed that the distance varied over the four conditions \[F(3, 30) = 3.84, p\<0.05, partial η^2^ = 0.28\]. Tukey's post hoc analysis showed that the distance between the left and right clusters was larger in the switch condition (108) than in the spontaneous condition (50, p\<0.05). No other significant difference was revealed between the conditions.

Number of manual and ocular windows {#sec014}
-----------------------------------

In the following analyses fixation clusters were distinguished based on their correspondence to the preferred and non-preferred percepts of the Necker cube and were used to define ocular windows.

A one-way ANOVA conducted on the number of manual responses (i.e. button presses reflecting perceptual switches), with experimental condition as a within-group variable, revealed an effect of the condition (spontaneous vs. focus vs. switch) \[F(2, 22) = 6.48, p\<0.01, partial η^2^ = 0.37\] ([Fig 3](#pone.0227506.g003){ref-type="fig"}). Tukey's post hoc test showed that the number of manual responses increased in the switch condition (23.67) compared to the spontaneous (14.75, p\<0.05) and focus (13.83, p\<0.01) conditions.

![Illustration of the results for the number of manual responses and fixation clusters.\
Number of manual responses (white) and ocular fixation clusters (grey), as a function of the experimental conditions (spontaneous, focus, switch). Error bars represent ± SEM.](pone.0227506.g003){#pone.0227506.g003}

A similar analysis revealed an effect of the condition also on the number of fixation clusters \[F(2, 22) = 9.78, p\<0.001, partial η^2^ = 0.47\] ([Fig 3](#pone.0227506.g003){ref-type="fig"}). Tukey's post hoc analysis showed that the number of ocular clusters, similar to the number of button presses, increased in the switch condition (47.67) compared to the spontaneous (31.92, p\<0.01) and focus (28.50, p\<0.005) conditions.

We conducted an additional analysis to compare the number of manual and ocular windows, with experimental condition and window type (manual vs. ocular) as within-group variables. The results showed that the number of ocular windows was significantly higher than the number of manual windows \[F(1, 11) = 18.59, p\<0.005, partial η^2^ = 0.63\] (36.03 vs. 17.42 respectively). The analysis also revealed an effect of the condition \[F(2, 22) = 18.72, p\<0.001, partial η^2^ = 0.63\]. No interaction was found with the window type.

Durations of manual and ocular windows {#sec015}
--------------------------------------

A repeated measures ANOVA was conducted on the median duration of manual windows, with condition (spontaneous vs. focus vs. switch) and preference (preferred vs. non-preferred percepts) as within-group variables. An effect of preference was revealed \[F(1, 11) = 36.26, p\<0.001, partial η^2^ = 0.77\] with a longer median window duration for the preferred percept compared to the non-preferred percept (4.35 s vs 2.59 s, p\<0.001). This effect is trivial since preference was defined by the length of the temporal windows. The critical result concerned the impact of the condition (spontaneous vs. focus vs. switch) on the windows' length. We found an interaction between condition and preference \[F(2, 22) = 8.65, p\<0.005, partial η^2^ = 0.44\]. Decomposing the interaction by means of Tukey's post hoc analysis showed that the median manual window duration for the preferred percept in the focus condition (6.04 s) was longer than all the other durations (preferred/spontaneous 4.12 s, p\<0.05; non-preferred/spontaneous 2.94 s, p\<0.001; non-preferred/focus 2.54 s, p\<0.001; preferred/switch 2.89 s, p\<0.001; non-preferred/switch 2.28 s, p\<0.001) ([Fig 4a](#pone.0227506.g004){ref-type="fig"}).

![Illustration of the results for the median duration of manual and ocular windows.\
Median duration of preferred and non-preferred (in grey and white respectively) manual (a) and ocular windows (b) as a function of the experimental conditions (spontaneous, focus, switch). Error bars represent ± SEM.](pone.0227506.g004){#pone.0227506.g004}

A similar analysis of the median duration of the ocular windows, with condition and preference as within group variables, revealed a main effect of preference \[F(1, 11) = 21.89, p\<0.001, partial η^2^ = 0.67\] with a longer median ocular window duration corresponding to the preferred percept (2.00 s) compared to the non-preferred percept (0.84 s) ([Fig 4b](#pone.0227506.g004){ref-type="fig"}). There was no significant effect of condition or interaction between the two factors.

We compared the median duration of manual and ocular windows, with window type (manual vs. ocular), preference and experimental condition as within-group variables. The results showed that ocular windows had a shorter median duration than manual windows \[F(1, 11) = 37.01, p\<0.001, partial η^2^ = 0.77\] (1.42 vs. 3.47 respectively). No interaction was revealed between the window type and the other factors.

Correlations {#sec016}
------------

No correlation was found between ocular and manual windows.

Discussion {#sec017}
==========

The main results are, firstly, the correspondence between the ocular fixation clusters when the Necker cube is ambiguous and when the cube changes physically in the control condition. Second, ocular fixation clusters alternate much more frequently than manual responses. Nevertheless the number of temporal windows changes in the same way between the spontaneous and switch conditions, whether measured with eye fixations or manual responses. In contrast, in the focus condition the durations of manual windows change without being accompanied by a corresponding change in the durations of ocular windows, indicating that ocular and manual time windows are not always sensitive in the same way to attention manipulations.

The difference between ocular and manual time windows can hardly be attributed to the way we calculated ocular windows. Our choice of the "EM" cluster analysis on ocular fixation measurements was validated by the findings on the ocular fixation clusters' spatial coordinates. We found similar coordinates for fixation clusters in the spontaneous, focus and control conditions. This implies that the fixation clusters are located in the same locations on the screen when the two versions of the cube are physically distinct (control condition) and in the spontaneous condition, where the Necker cube stays physically the same and only the subjective perception changes over time. The spatial correspondence between ocular fixations in the two conditions suggests that the spatial locations of the fixations in the spontaneous condition are linked to changes in perception. The correspondence between ocular fixations and percepts is also supported by the fact that manual and ocular windows that correspond to the preferred version of the Necker cube both had longer durations than those corresponding to the non-preferred version of the cube. These results validate the use of the spatial coordinates of fixation clusters to study the dynamics of ocular windows and compare them with that of manual windows.

It can thus be affirmed that ocular clusters alternate much more frequently than the manual windows. This result suggests that the percept does not change each time eyes change position. It may be possible that changes in ocular positions correspond to oscillations between distinct percepts that do not reach consciousness. Such an interpretation would be consistent with observations that eye movements can respond to invisible stimuli \[[@pone.0227506.ref035]\], i.e. a dissociation between eye movements and perceptual awareness \[[@pone.0227506.ref012]\]. Regarding studies on bistable stimuli, our results are consistent with those reported by Brascamp et al. (2015) \[[@pone.0227506.ref005]\], or Kornmeier et al. (2019) \[[@pone.0227506.ref036]\] who showed in fMRI or EEG evidence of alternations that occur faster than the behavioral responses. As suggested by these authors sensory alternations may occur without reaching consciousness. The possibility that changes in ocular positions reflect an unconscious oscillation between percepts is plausible in the light of models by Logothetis (1998) \[[@pone.0227506.ref037]\] and Grossberg et al. (2008) \[[@pone.0227506.ref038]\] which posit that different interpretations for visual information compete for consciousness. Several interpretations of the information would be made available by automatic and unconscious perceptual mechanisms, leading to relatively fast alternations on a non-conscious level, as suggested by ocular movements.

Additional volitional and attentional mechanisms may be needed to decide about the percept and give a manual response. This may contribute to some of the dissociations between ocular and manual windows. For example, the duration of the manual windows that correspond to the preferred percept of the Necker cube increased in the focus condition, suggesting that subjects succeeded in maintaining their preferred orientation of the Necker cube for longer periods. However, neither the number nor the duration of the ocular windows corresponding to the preferred percept in the focus condition were significantly different from the results in the spontaneous condition. This means that the increase in size of the preferred manual windows was not associated with a corresponding ocular change. These results suggest a decoupling between the manual and ocular windows in the focus condition. The literature suggests that a range of factors influence alternations and perception in general \[[@pone.0227506.ref039]\]. For example, it has been demonstrated that top-down factors, or volitional control \[[@pone.0227506.ref007],[@pone.0227506.ref025],[@pone.0227506.ref027],[@pone.0227506.ref031],[@pone.0227506.ref032],[@pone.0227506.ref040],[@pone.0227506.ref041]\] can modify the rate of perceptual alternations, as also observed in our focus and switch conditions. As repeatedly observed in focus conditions \[[@pone.0227506.ref042]\], it is however impossible to completely suppress alternations, confirming the conjoint influences of sensory competition and volitional control. In our study one possible explanation may thus be that the ocular temporal windows reflect an irrepressible sensory alternation, whereas manual responses would be more susceptible to volitional control. The latter may be used to refrain from perceptual alternations, by vetoing sensory influences, or may be necessary to transform a sensory alternation into a conscious one. Both explanations would account for the ocular fixation clusters' lack of sensitivity to the focus condition, contrasting with the increase in length for the manual time windows.

Contrary to the focus condition, in the switch condition both ocular and manual windows change in parallel. The number of manual responses (i.e. number of perceptual reversals) and the number of fixation clusters both increased in the switch condition in comparison to the spontaneous and the focus conditions. These results suggest that when subjects try to speed up the perceptual reversals of the Necker cube, they do succeed, and this is accompanied by an increased number of ocular movements. In the switch condition changes in ocular positions, i.e. voluntary eye movements may be used to increase the rate of perceptual alternations. This possibility is supported by the analysis of the distances between the left and right cluster coordinates. This analysis revealed that subjects tend to fixate two locations on the screen that are more distant in the switch condition than in the spontaneous condition. We can speculate that this finding reflects the subjects' effort to voluntarily alternate between the two percepts. Caution is required when interpreting these results however, since the duration of ocular windows remains smaller than that of manual windows even in the switch condition. Even in this condition, there is no perfect match between eye movements and manual responses.

In conclusion, we propose a new way of measuring temporal windows with the clustering of ocular fixations. We do not claim that eye movements analyzed the way we did could substitute explicit reports, but instead we believe that eye movements could serve as a complementary measure to explicit reports, inasmuch our ocular temporal windows (ocular clusters) seem to reveal dynamic perceptual mechanisms at a different, more automatic level than the one of conscious perception and perceptual alternations. The ocular temporal window measure is validated by the similarity of the coordinates of the fixation clusters for ambiguous and non-ambiguous versions of the Necker cube, and by the parallelism of the effects of preference and switch on ocular and manual windows. The ocular windows suggest that there is a spontaneous rhythm at an implicit level, which might reflect perceptual alternations between possible interpretations of sensory information. These alternations are faster than alternations at the conscious level, confirming that alternations occur at different time scales. It remains to be checked whether the partial parallelism between ocular and manual windows indexes a temporal coupling between different mechanisms involved in perception \[[@pone.0227506.ref043]\], but some conclusions can already be tentatively derived. Sensory alternations are supposed to trigger conscious alternations in perception \[[@pone.0227506.ref044]\] and the fact that there are faster alternations in the case of ocular temporal windows is consistent with the idea that sensory alternations are primarily driving perceptual switches. Top-down volitional control would have a role in gating these alternations by affecting their potential to reach consciousness. This interpretation, which is consistent with the current literature, implies that the ocular and manual windows are not independent but rather hierarchically organized. Caution is required, though, since ocular movements are not a pure measure of unconscious mechanisms, inasmuch they can be voluntarily controlled. Also, it remains to be investigated whether similar results, and especially the dissociation between ocular and manual temporal windows would be found with other types of static bistable figures.

It can be noted that the impact of the focus and switch conditions was significant, consistent with the literature \[[@pone.0227506.ref025],[@pone.0227506.ref031],[@pone.0227506.ref032]\] despite the short duration of the experiments. Such short experiments may thus be easily used in pathological groups to explore the rhythmic alternations in perception. Additionally eye tracking may be useful by providing a measure for no-report paradigms, in which no subjective report is required from the participants \[[@pone.0227506.ref006]\].

Supporting information {#sec018}
======================

###### Manual and ocular temporal windows dataset.

(XLSX)

###### 

Click here for additional data file.
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We would appreciate receiving your revised manuscript by Dec 22 2019 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Marcello Costantini

Academic Editor
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1\. When submitting your revision, we need you to address these additional requirements. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at <http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2.  Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: <http://journals.plos.org/plosone/s/supporting-information>.
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The topic of this paper is very interesting and matches current directions of research in the field. The manuscript is well written but in my opinion some issues should be adjusted in order to make it publicable.

\- First sentence of the abstract: please change, it\'s quite raw and also wrong (alternate REGULARLY?)

\- The new technique proposed could be very useful to boost No-Reports paradigms, but authors do not mention this in the manuscript, although they cite the paper of Tsuchiya in TICS 2015.

\- The starting point of the authors (bistable perception with moving stimuli and eye movements) is not a firm point to start from, but rather a dangerous one!

\- line 110 and 111: their \> his/her

\- Authors should try to explain why they did not found effects on vertical eye movements

\- Similarly, they could speculate more and better on the faster oscillations of eye movements with respect to perception

\- I\'m skeptic about the first sentence of the conclusion: are you really convinced, after having carried out this piece of research, that eye movement can faithfully substitute explicit reports?

Reviewer \#2: The study aims at providing implicit measures of the rate of perceptual reversals and reversal times during perception of bistable stimuli. To this aim, the authors asked twelve healthy subjects to give their manual responses while looking passively at a Necker cube, in four different conditions (spontaneous, focus, switch, control). During the experiment, they also recorded partipants\' eye movements. Results suggest that recording of eye movements provide objective measures of time windows.

This is an interesting and well conducted study. I have only minor concerns, as reported below.

\- In the introduction the authors claim that the definition of time windows is a critical issue to understand how conscious perception is structured in time. The authors propose that eye movents allow measuring unconscious perception of the Necker\'s cube. As the manual and ocular window do not correlate, would the authors conclude that the conscious and unconscious perception of bistable stimuli have different temporal structures?

\- Is the interindividual variability of the \"manual responses\" comparable to the interindividual variability of the \"eye responses\"?

\- What is the exact meaning of the \"distance between the coordinates of the right and the left clusters in each condition\"? How do the authors interpret this measure?

\- How much do the authors believe their results about manual vs ocular temporal windows can be extended to bistable perception and perception in general?

\- Please clarify the paragraph from line 392 to line 401. It is not clear to me how decisional mechanisms can be used to refrain from perceptual alternations and then manual responses.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Reviewer \#1: The topic of this paper is very interesting and matches current directions of research in the field. The manuscript is well written but in my opinion some issues should be adjusted in order to make it publicable.

Our response: We would like to thank the reviewer for his/her positive comments, and for his/her suggestions, which helped us improve the paper.  

\- First sentence of the abstract: please change, it\'s quite raw and also wrong (alternate REGULARLY?)

Our response: We agree with the reviewer and changed the first sentence of the abstract to (lines 31-32): "Bistable stimuli can give rise to two different interpretations between which our perception will alternate." 

 

\- The new technique proposed could be very useful to boost No-Reports paradigms, but authors do not mention this in the manuscript, although they cite the paper of Tsuchiya in TICS 2015.

Our response: We thank the reviewer for this thoughtful comment. We added the following at the end of the manuscript (lines 458-459): "Additionally eye tracking may be useful by providing a measure for no-report paradigms, in which no subjective report is required from the participants \[6 (Tsuchiya et al., 2015)\]."

 - The starting point of the authors (bistable perception with moving stimuli and eye movements) is not a firm point to start from, but rather a dangerous one!

Our response: Our starting point was to look for a complementary, objective measure to the subjective response of the subjects, we agree that the mechanisms underlying eye movements in the case of moving stimuli may be quite different. We tried to make this clearer in the Introduction (lines 70-75): "However, these studies relied on moving plaids or gratings and the recording of optokinetic nystagmus. Hence, it can be questioned whether ocular movements are entrained by the motion specifically. As a matter of fact, the tight coupling between perception and eye movements has been recently questioned \[12 (Spering & Carrasco, 2015)\], and dissociations between eye movements and conscious reports have been described even with moving stimuli \[13 (Spering, Pomplun & Carrasco, 2011)\]."

 - line 110 and 111: their \> his/her

Our response: Edited as suggested.

 - Authors should try to explain why they did not found effects on vertical eye movements

Our response: This is an important point we forgot to clarify. In fact we made the analysis on y coordinates but chose not to report them. We added the following sentences in the Methods to justify our strategy (lines 241-245): "Y coordinates appeared to be redundant with x coordinates, hence we focused on ocular displacements on the horizontal axis. It is to be noted that an analysis performed on y coordinates led to similar but less clear results, probably because the two perceptual interpretations of the Necker cube differ more in their horizontal orientation (see similar observations in \[26 (van Dam & van Ee, 2006)\])."

 

\- Similarly, they could speculate more and better on the faster oscillations of eye movements with respect to perception

Our response: We agree with the reviewer and developed this point further in the Discussion when discussing the global difference between the number of eye movements and manual windows, we refer more to the literature (lines 389-392): "Regarding studies on bistable stimuli, our results are consistent with those reported by Brascamp et al. (2015) \[36\], or Kornmeier et al. (2019) \[37\] who showed in fMRI or EEG evidence of alternations that occur faster than the behavioral responses. As suggested by these authors sensory alternations may occur without reaching consciousness."

We added a more speculative part towards the end of the Discussion (lines 407-417): "The literature suggests that a range of factors influence alternations and perception in general \[40\]. For example, it has been demonstrated that top-down factors, or volitional control \[7,25,27,31,32,41,42\] can modify the rate of perceptual alternations, as also observed in our focus and switch conditions. As repeatedly observed in focus conditions \[43\], it is however impossible to completely suppress alternations, confirming the conjoint influences of sensory competition and volitional control. In our study one possible explanation may thus be that the ocular temporal windows reflect an irrepressible sensory alternation, whereas manual responses would be more susceptible to volitional control. The latter may be used to refrain from perceptual alternations, by vetoing sensory influences, or may be necessary to transform a sensory alternation into a conscious one. Both explanations would account for the ocular fixation clusters' lack of sensitivity to the focus condition, contrasting with the increase in length for the manual time windows."

 

\- I\'m skeptic about the first sentence of the conclusion: are you really convinced, after having carried out this piece of research, that eye movement can faithfully substitute explicit reports?

Our response: The reviewer is right to point out this sentence and we believe the text was not clear enough on this point. We added the following precisions (lines 433-437): "We do not claim that eye movements analyzed the way we did could substitute explicit reports, but instead we believe that eye movements could serve as a complementary measure to explicit reports, inasmuch our ocular temporal windows (ocular clusters) seem to reveal dynamic perceptual mechanisms at a different, more automatic level than the one of conscious perception and perceptual alternations."

Reviewer \#2: The study aims at providing implicit measures of the rate of perceptual reversals and reversal times during perception of bistable stimuli. To this aim, the authors asked twelve healthy subjects to give their manual responses while looking passively at a Necker cube, in four different conditions (spontaneous, focus, switch, control). During the experiment, they also recorded partipants\' eye movements. Results suggest that recording of eye movements provide objective measures of time windows.  This is an interesting and well conducted study. I have only minor concerns, as reported below.

Our response: We thank the reviewer for his/her positive as well as helpful comments.  

\- In the introduction the authors claim that the definition of time windows is a critical issue to understand how conscious perception is structured in time. The authors propose that eye movents allow measuring unconscious perception of the Necker\'s cube. As the manual and ocular window do not correlate, would the authors conclude that the conscious and unconscious perception of bistable stimuli have different temporal structures?

Our response: Thank you for this thoughtful comment. We have to remain cautious, since the response of the participants include both unconscious and conscious perceptual aspects, as well as intentions, e.g. voluntary decisions based on 'focus' or 'switch' task instructions. Ocular movements, on the other hand, are not purely unconscious. We thus cannot equate the manual responses with conscious perception, and ocular clusters with unconscious perception. We thus tried to speculate cautiously (lines 445-452): "Sensory alternations are supposed to trigger conscious alternations in perception \[45\] and the fact that there are faster alternations in the case of ocular temporal windows is consistent with the idea that sensory alternations are primarily driving perceptual switches. Top-down volitional control would have a role in gating these alternations by affecting their potential to reach consciousness. This interpretation, which is consistent with the current literature, implies that the ocular and manual windows are not independent but rather hierarchically organized. Caution is required, though, since ocular movements are not a pure measure of unconscious mechanisms, inasmuch they can be voluntarily controlled."

 - Is the interindividual variability of the \"manual responses\" comparable to the interindividual variability of the \"eye responses"?

Our response: Thank you for the pertinent comment. We performed an ANOVA on the Standard Deviation of the duration for manual and ocular windows and did not find any significant main effect of the type of window (manual or ocular), or an interaction with the experimental conditions, suggesting similar interindividual variability for the two measures.

 - What is the exact meaning of the \"distance between the coordinates of the right and the left clusters in each condition\"? How do the authors interpret this measure?

Our response: We agree that our wording may have been ambiguous. The distance refers to the spatial separation between the two ocular clusters, and is operationalized through the difference between the coordinates of the two ocular clusters, i.e. groups of successive fixations on the right and left side of the Necker Cube (see modified Fig 2). We tried to clarify this point in both the Methods and Results sections:

(lines 259-261): "In the other three conditions, we calculated the median x coordinates of the left and right fixation clusters, and the spatial distance between the left and right fixation clusters (median x coordinate for the right cluster -- median x coordinate for the left cluster, see Fig 2)."

(lines 297-299): "To understand the origin of the interaction, we calculated the distance between the right and left clusters in each condition (median x coordinates for the right cluster --median x coordinates for the left cluster) (Table 1, also illustrated in Fig 2)."

This measure informs us on the perceptual separation associated with each interpretation of the Necker Cube. The fact that this separation is similar in the control condition and in the bistable condition validates the link between the percept and the ocular fixations.

 

\- How much do the authors believe their results about manual vs ocular temporal windows can be extended to bistable perception and perception in general?

Our response: Inasmuch our results suggest that sensory alternations need additional control to cross the consciousness threshold, they are consistent with a broad literature. Whether ocular measures can be applied the same way to other bistable stimuli remains to be investigated, at least for static stimuli. We mention this point in the conclusion (lines 452-454): "Also, it remains to be investigated whether similar results, and especially the dissociation between ocular and manual temporal windows would be found with other types of static bistable figures."

 - Please clarify the paragraph from line 392 to line 401. It is not clear to me how decisional mechanisms can be used to refrain from perceptual alternations and then manual responses.

Our response: Thank you for pointing out this section which was not clear enough. We agree that 'decisional mechanisms' was a poor choice of words, and we reformulated this section (lines 407-417): "The literature suggests that a range of factors influence alternations and perception in general \[40\]. For example, it has been demonstrated that top-down factors, or volitional control \[7,25,27,31,32,41,42\] can modify the rate of perceptual alternations, as also observed in our focus and switch conditions. As repeatedly observed in focus conditions \[43\], it is however impossible to completely suppress alternations, confirming the conjoint influences of sensory competition and volitional control. In our study one possible explanation may thus be that the ocular temporal windows reflect an irrepressible sensory alternation, whereas manual responses would be more susceptible to volitional control. The latter may be used to refrain from perceptual alternations, by vetoing sensory influences, or may be necessary to transform a sensory alternation into a conscious one. Both explanations would account for the ocular fixation clusters' lack of sensitivity to the focus condition, contrasting with the increase in length for the manual time windows."
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Dear Dr. Polgári,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Marcello Costantini

Academic Editor

PLOS ONE
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Dear Dr. Polgári:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff
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Dr. Marcello Costantini

Academic Editor
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